Injectivity changes and associated temperature disequilibrium: Numerical study  by Han, W.S. et al.
   
 
Energy  Procedia  00 (2010) 000–000 
 
Energy 
Procedia 
 
www.elsevier.com/locate/XXX
 
GHGT-10 
Injectivity changes and associated temperature disequilibrium: numerical study 
W. S. Hana,*, K.-Y. Kimb, M. Luc, B. J. McPhersond, C. Lua, S.-Y. Leea1 
aEnergy & Geoscience Institute, University of Utah, Salt Lake City, 84108,U.S.A. 
bKorea Institute of Geoscience & Mineral Resources, Daejeon 305-350, South Korea 
cUnconventional Gas, CSIRO Petroleum, Austria 
dDepartment of Civil and Environmental Engineering, University of Utah, Salt Lake City, 84108,U.S.A. 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
Injection of supercritical-phase CO2 may decrease injectivity near the injection well and perturb subsurface 
temperatures, leading to a dynamic temperature system in the storage formation and adjacent seal strata. Water 
vaporization in supercritical-phase CO2, is an endothermic reaction that may cool reservoir fluids.  Such a cooling 
process may result in the precipitation of solid NaCl near the wellbore that deteriorates injectevity.    
We evaluated these processes with numerical simulation models that include processes of injectivity reduction 
and potential non-isothermal effects of commercial-scale CO2 injection. Processes of interest include the vertical 
CO2 profile within the wellbore, injectivity reduction and the potential non-isothermal processes including Joule-
Thomson (heating and cooling) effects, exothermic CO2 dissolution, and heat changes associated with concomitant 
water vaporization.  These processes are evaluated using numerical simulations of CO2 injection and associated 
pressure and temperature changes within an injection well using a wellbore dynamic code.  In addition, we 
developed independent 2-D radially symmetric models of commercial-scale CO2 injection with the TOUGH2 
simulator, using its ECO2N equation-of-state package.   
Results of our wellbore dynamic simulations suggest that three forces, including adiabatic (de-) compression of 
CO2, frictional energy losses, and conductive heat exchange between the injected CO2 and surrounding fluid/rock, 
govern the resulting CO2 thermal profiles within the injection well.  In addition, as compressed CO2 flows from the 
injection well to the target storage formation, the induced pressure field begins to dissipate.  Such pressure reduction 
induces Joule-Thomson cooling by adiabatic expansion.  In the same zone, water vaporization within supercritical-
phase CO2 occurs and induces NaCl precipitation; this precipitation process also cools the reservoir fluid.  Finally, 
as supercritical-phase CO2 comes into contact with formation brine, exothermic CO2 dissolution offsets the cooling 
with an increase of the reservoir fluid temperature.   
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1. Introduction 
During an industrial-scale CO2 sequestration activity (e.g. millions metric tons per year), various thermophysical 
and transport mechanisms including Joule-Thomson cooling [1-4], endothermic water vaporization into 
supercritical-phase CO2 [4-8], exothermic CO2 dissolution into brine [4, 7, 9-11], and thermal 
convection/conduction between reservoir rock, CO2, and brine may disturb subsurface temperatures [3, 4].  
Therefore, to understand the temperature disturbance process during CO2 sequestration process, it is essential to 
understand the Joule-Thomson processes and the enthalpy state of fluid resulting from mutual solvation process.  As 
an example of the Joule-Thomson process, one can expect a considerable accumulation of injection-induced 
pressure at the well-bottom, resulting in substantially compressed CO2 under a high injection rate scenario. As a 
result, the compressed CO2 entering the reservoir formation potentially experiences the Joule-Thomson cooling 
processes due to adiabatic expansion [1, 2, 4]. Additionally, within the region close to the injection well, brine may 
vaporize into the continuous stream of dry supercritical-phase CO2, resulting in the precipitation of solid NaCl [12-
16].  The enthalpy of water vaporization is defined as an endothermic process, and thus, water vaporization process 
is likely to cool the formation temperature [4, 7, 17]. Furthermore, at locations away from the injection well, the 
thermal disturbance mainly occurs due to CO2 dissolution into the aqueous fluid in the formation.  The heat of CO2 
dissolution into water is well understood as an exothermic process [7, 9-11].  As described, such changes in 
reservoir temperature depend on these primary thermophysical processes, which typically vary spatiotemporally as a 
supercritical-phase CO2 plume migrates through a subsurface brine.  
Although previous studies addressed the thermal contributions of each individual effect well, they did not 
properly quantify how these thermophysical processes occurring within the migrating CO2 plume conjunctively 
affect subsurface temperature profile and further the time-series changes in monitoring wells. The presented study is 
aimed to help analyze the temperature data collected from wellbore by understanding the detailed thermophysical 
behavior of CO2 and its relation to multiphase CO2 migration.  For this purpose, we have performed numerical 
simulations to understand how three thermal processes including the Joule-Thomson cooling, endothermic water 
vaporization, and exothermic CO2 dissolution are potentially related to the changes of multiphase buoyancy-driven 
CO2 transport, solid NaCl precipitation, and temperature.  
 
2. Results and Discussion 
2.1. Temperature Disequilibrium within a Well 
Realistic and practical estimation of the temperature profile within an injection well is complicated in that several 
different mechanisms, such as gravity, hydrostatic pressure gradient, frictional energy losses, conductive heat 
exchange between the injected CO2 and its surrounding fluid/rock, as well as the adiabatic (de-) compression, cause 
complex temperature profiles. Several wellbore dynamic models can be used to describe the non-isothermal 
temperature profile in production and injection wells.  For example, the flow equations, when no phase transition 
takes place, can be described by [18]:  
      
m
dm
dz
+ m
dm
dz
= 0 ,             (1) 
dp
dz
+ mm
dm
dz
=  f mm
2
4Rw
+ mgsin ,      (2) 
dH
dz
+ m
dm
dz
= gsin 
Q z( )
Rw
2
mm
,       (3) 
dH = V T V
T
	 

 
 
 
 
 
p
 
 
 
 
 
 
dp + CpdT = CpμJT dP + CPdT .     (4) 
Here, m, m, and z in Eq. 1 stand for the density of gas mixture, velocity, and the depth of the wellbore to the 
surface, respectively.  P, f, Rw, g, and  in Eq. 2 represent respectively pressure, friction factor, the wellbore radius, 
the gravity, and the deviation angle of the well.  H and Q in Eq. 3 are the enthalpy of the mixture and the heat 
exchange between the wellbore fluid and the surrounding formation.  Finally, V, Cp, and μJT in Eq. 4 are the molal 
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volume of the mixture, isobaric heat capacity, and the Joule-Thomson coefficient, respectively.  For further details 
of these parameters, one can refer to [18]. Based on Eqs. 1 to 4, sensitivity analyses were performed by varying the 
temperature of the CO2 at the surface (35, 40, and 45°C) in Figure 1a, the surface ambient temperature (10 and 
20°C) in Figure 1b, the geothermal gradient (0.025 and 0.035 °C m-1) in Figure 1c, and the well diameter (7, 14, and 
21 cm), respectively.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Temperature profiles of CO2 in the injection well resulting from various sensitivity studies: (a) CO2 
temperature at surface (35, 40, and 45°C), (b) surface temperature (10 and 20°C), (c) geothermal gradient (0.025 and 
0.035 m °C-1), and (d) well diameter (7, 14, and 21 cm). 
 
Figure 1a shows the sensitivity results at three different surface CO2 temperatures (35, 40, and 45 °C), 
respectively, where the geothermal gradient is T [°C] = 10 + 0.025 h [°C m-1] and the well diameter is 7 cm.  It can 
be seen from this figure that, from the surface (0 m) to approximately 200 m, the supercritical-phase CO2 in the 
injection well cools due to the heat conduction caused by the temperature difference between the CO2 and the 
surrounding formation.  Below 200 m, the temperature profile of the CO2 stabilizes and parallels the geothermal 
gradient.  Results show that the temperature profile of the supercritical-phase CO2 in the injection well potentially 
becomes greater than that of the surrounding formation, suggesting that the wellbore could be a source of heat 
generation. The sensitivity results shown in Figure 1b for different surface temperatures (10 and 20°C) demonstrate 
that a greater surface temperature increases the temperature profile of the CO2 within the wellbore.  This is because 
the conductive cooling process occurring at shallow depths is not significant when the CO2 injection temperature is 
similar to the ambient surface temperature.  For example, with T [°C] = 10 + 0.025 h [°C m-1] (shown in Figure 1b), 
we observed that the supercritical-phase CO2 in the injection well cools due to the heat conduction in the depths 
approximately between 0 and 200 m.  However, the magnitude of this cooling effect becomes smaller with a greater 
surface temperature (T [°C] = 20 + 0.025 h [°C m-1]).  Figure 1c demonstrates the effect of geothermal gradients (T 
[°C] = 10 + 0.025 h [°C m-1] vs. T [°C] = 10 + 0.035 h [°C m-1]).  Here, the surface temperatures are the same; the 
effects of conductive cooling processes at shallow depths (0 to about 200 m) are almost indistinctive (Figure 1c).  
Below 200 m, we observed a slight increase of CO2 temperature with increasing geothermal gradient.  We 
performed additional sensitivity studies with different well diameters (7, 14, and 21 cm) and found that an increase 
of well diameter decreases the CO2 temperature in the injection well (Figure 1d).  This suggests that the flow rate of 
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CO2 within the wellbore decreases as well diameter increases, resulting in increased conductive heat loss.  In 
addition, adiabatic compression also decreases in wells with larger diameter.   
In summary, the sensitivity analyses carried out here demonstrate that the temperature of CO2 profile within the 
injection well is controlled by various operational and geological conditions (the temperature of injecting CO2, the 
surface temperature, the geothermal gradient, well diameter, and the injection rate) and the potential heat 
disequilibrium with subsequent CO2 flow through the target formation is likely during injection processes.  
2.2. Temperature Disequilibrium and NaCl Precipitation outside a Well 
Numerical simulations evaluating the thermal response out of the injection well were performed using 
TOUGH2/ECO2N, a general-purpose numerical simulator for the analysis of multiphase, multicomponent fluids, 
and heat flow in porous and fractured media [19]. ECO2N is designed to treat two-phase (liquid, gas) transport 
including three-component (water, salt (NaCl), supercritical-phase CO2) systems in suitable pressure and 
temperature regimes (10°CT110°C, P60MPa, salinity up to full halite saturation) for CO2 sequestration 
processes [20]. Specifically for evaluation of relevant thermal processes, we adopted two equations that address the 
enthalpy states of CO2-dissolved brine (Hmix ) and water-vaporized supercritical-phase CO2 (Hsc): 
Hmix = 1 XCO2( )Hb + XCO2 HCO2 + Hsol( )       (5) 
Hsc = (1YH2O )HCO2 +YH2O (Hb + Hvap ) .       (6) 
Here, XCO2  and YH2O  are the mass fractions of supercritical-phase CO2 in water and water in supercritical-phase 
CO2, respectively [5]. Additionally, Hsol  and Hvap  are the heat of CO2 dissolution in water [10] and water 
vaporization in CO2 [17], respectively. HCO2  [21] and Hb  [20, 22] are the enthalpy of supercritical-phase CO2 and 
brine, respectively. With these modified equations, the thermal changes resulting from CO2 dissolution into brine 
and water vaporization into supercritical-phase CO2 can be described. In addition to the equations of states, the 
relative permeability and capillary pressure developed by Corey [23] and van Genuchten [24] were chosen to 
describe the multiphase transport of CO2 in the subsurface brine. With these chosen equations of states and 
multiphase transport parameters, the potential CO2 plume migration and associated heat/drying-out processes were 
investigated by simulating CO2 injection into a 2-D radially symmetric domain (Figure 2).  
 
 
Figure 2. 2D radial model and the location of four observation points.  
 
The maximum radial extent of the model is 5 km with a logarithmic increase in lateral distance, and the 
formation thickness is 182.9 m divided into 30 layers (Figure 2). The right-side boundary was assigned as a 
Dirichlet boundary, where thermophysical properties on this boundary remain constant during simulations. In the 
model, pressure, temperature, dissolved NaCl concentration, and CO2 saturation are respectively assigned as 6.89 to 
8.39 MPa, 41.7 °C, 15 % of NaCl mass fraction, with zero CO2 saturation. Finally, supercritical-phase CO2, equal to 
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the formation temperature, is injected at a constant rate of 50,000 metric tons per year during two years in the 
injection well, which partially penetrates the 24 m thickness in the bottom of the model. 
Figure 3a shows the time-series variations of CO2, solid NaCl saturations, and temperature observed at OH1 
horizontally distanced 5.1 m from injection location. Based on the distinct features shown in the time-series changes, 
six specific events (A, B, C, D, E, and F) are determined. Event A indicates the time (0.0005 year) when the CO2 
plume arrives at OH1. At the time period between Events A and B, CO2 saturation gradually increases from 0 to 0.4 
at OH1 where two-phase fluid (CO2 and brine) conditions are developed and temperature increases 0.3°C (from 
41.7°C to approximately 42.0°C), indicating that exothermic CO2 dissolution into brine is actively occurring. 
Subsequently, Event B is the time (0.011 year) when the temperature at OH1 starts to decrease just below the 
ambient temperature, 41.7°C, because the thermal contributions from both endothermic water vaporization into CO2 
and Joule-Thomson cooling of CO2 become larger than the cooling effect by exothermic CO2 dissolution. Between 
Events B and C, CO2 saturation keeps increasing from 0.4 to over 0.9 and reaches the maximum at Event C 
maintaining two-phase fluid condition at OH1. The smallest temperature (39.6°C) induced by both endothermic 
water vaporization into CO2 and Joule-Thomson cooling of CO2 is observed at 0.1 years.  
 
 
Figure 3. Temporal variation of CO2, solid NaCl saturations, and temperature: (a) observation at OH1, (b) 
observations at OH1 and OH2, (c) observation at OV1, and (d) observations at OV1 and OV2. 
 
At Event C (1.1 year), the fluid condition at OH1 changes from two-phase (supercritical-phase CO2 and brine) to 
one-phase (supercritical-phase CO2) since all brine has vaporized into CO2, resulting that the level of solid NaCl 
saturation reached at 0.04. Because no brine exists, corresponding that the water vaporization process stops at this 
time, the cooling contribution from endothermic water vaporization ceases. Consequently, the temperature at OH1 
increases 0.6°C (from 40.2°C to 40.8°C). At Event D (2 years), CO2 injection activity stops. Prior to Event D, the 
viscous force is dominant close to the injection well causing the CO2 plume to primarily expand in all directions. 
However, immediately after Event D, the gravitational force on the CO2 plume becomes dominant, and thus, the 
CO2 plume starts to migrate primarily in the vertical direction.  In the time period between Event D and E, although 
the CO2 plume migrates in the vertical direction, the level of both CO2 and solid NaCl saturations remain constant, 
continuing single-phase fluid (supercritical-phase CO2) condition at OH1. However, immediately after Event D, the 
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temperature drops approximately 1.5o (from 41.0°C to 39.5°C) by year 5. This is because the cold CO2 located under 
the injection zone migrates vertically and enters OH1 due to the buoyant nature of the CO2 plume.  
From the time of Event E (5 years), CO2 saturation starts to decrease because of buoyant migration, and at the 
same time, the counter-flow of brine replaces CO2 at the bottom of the plume. Since the surrounding brine of an 
ambient formation temperature enters, the temperature at OH1 gradually increases. During the period between 
Events E and F, the level of solid NaCl saturation stays constant. However, once CO2 saturation becomes less than 
0.7, solid NaCl starts to dissolve into the counter-flowing brine. Finally, Event F (13 years) indicates the time when 
all mobile CO2 has passed OH1 and solid NaCl dissolves completely at OH1. After Event F, only residually trapped 
CO2 remains at OH1 while it continues to dissolve into the brine. The temperature of OH1 gradually increases to the 
ambient temperature, 41.7°C, due to the conductive heat exchange with the surrounding brine.  
In Figure 3b, time-series changes at OH2, 22.8 m from the injection location, are plotted together with those 
observed at OH1. In general, sequential changes of the observed data in both locations are similar except for (A) the 
arrival time of CO2 saturation, (B) the precipitation of solid NaCl and, finally, (C) thermal responses due to water 
vaporization. First, the arrival time of CO2 saturation at OH2 is delayed to approximately 0.018 years, consequently 
delaying the temperature front due to exothermic CO2 dissolution (Event A).  For the monitoring application, the 
first arrival of CO2 plume could be predicted indirectly using temperature monitoring since the simulation result 
indicates that both CO2 saturation and temperature fronts are equally delayed. Second, solid NaCl is precipitated 
after 1 year at OH1, but no solid NaCl precipitation occurs at OH2 (Event B).  This is because the CO2 saturation at 
OH2 does not increase enough to initiate solid NaCl precipitation. Finally, the process whether the brine 
vaporization is on-going or not is able to disturb temperature profile. For example, temperature increased 0.6°C 
(from 40.2°C to 40.8°C) at OH1 immediately after the termination of brine vaporization process (Event C). 
However, this increase in temperature is not observed at OH2 because the brine vaporization process continuously 
occurs. 
Time-series variation observed at OV1 above 6.1 m from the injection location is shown in Figure 3c. The 
difference of observed data between OH1 and OV1 occurs primarily due to the permeability anisotropy and buoyant 
nature of the CO2 plume. Immediately after starting CO2 injection, the temperature is increased at OV1 but CO2 
saturation remains zero until 0.0002 years (Event A). The time lag between these two events explains the time 
required by brine to be fully saturated with CO2. Again, Event B indicates the time when the temperature at OV1 
starts to decrease below the ambient temperature (41.7°C) because of the thermal cooling from both water 
vaporization into CO2 and the Joule-Thomson effect. Later, at Event C (2 years), maximum CO2 saturation only 
reaches 0.7, indicating that injected CO2 spreads in the horizontal direction primarily due to permeability anisotropy. 
Consequently, although solid NaCl is precipitated, the level of solid NaCl saturation (0.0013) at OV1 is 30 times 
smaller than the NaCl saturation (0.04) at OH1. Furthermore, after injection is ceased, both CO2 and solid NaCl 
saturations instantaneously decrease. Finally, Figure 3d shows the comparison of time-series changes at OV1 and 
OV2. Since the fundamental principle of the lagged distribution in observed parameters at OV2 is simply caused by 
the longer distance of the observation location, we omit the discussion here. 
3. Conclusion 
We have evaluated the degree of temperature change caused by different thermal mechanisms including Joule-
Thomson cooling, endothermic water vaporization, and exothermic CO2 dissolution and their coupled nature with 
multiphase CO2 transport within and outside the injection well. Simulation results suggest that these processes - 
including reduction in injectivity, buoyancy effects, Joule-Thomson cooling, water vaporization, and exothermic 
CO2 reactions - are strongly coupled and dynamic. 
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